Responses of melanocytes (MC) to ultraviolet (UV) irradiation can be influenced by their neighbouring keratinocytes (KC). We investigated the role of Nrf2 in regulating paracrine effects of KC on UVB-induced MC responses through phosphorylation of MAPKs in association with oxidative stress in primary human MC cocultured with primary human KC using a transwell co-culture system and small-interfering RNA-mediated silencing of Nrf2 (siNrf2). The mechanisms by which Nrf2 modulated paracrine factors including α-melanocytestimulating hormone (α-MSH) and paracrine effects of KC on UVB-mediated apoptosis were also assessed. Our findings showed that co-culture of MC with siNrf2-transfected KC enhanced UVB-mediated cyclobutane pyrimidine dimer (CPD) formation, apoptosis and oxidant formation, together with phosphorylation of ERK, JNK and p38 in MC. Treatment of MC with conditioned medium (CM) from Nrf2-depleted KC also increased UVB-mediated MC damage, suggesting that KC modulated UVB-mediated MC responses via paracrine effects. Additionally, depletion of Nrf2 in KC suppressed UVB-induced α-MSH levels as early as 30 min post-irradiation, although pretreatment with N-acetylcysteine (NAC) elevated its levels in CM from siNrf2-transfected KC. Furthermore, NAC reversed the effect of CM from Nrf2-depleted KC on UVB-induced apoptosis and inflammatory response in MC. Our study demonstrates for the first time that KC provided a rescue effect on UVB-mediated MC damage, although depletion of Nrf2 in KC reversed its protective effects on MC in a paracrine fashion in association with elevation of ROS levels and activation of MAPK pathways in MC. Nrf2 may indirectly regulate the paracrine effects of KC probably by affecting levels of the paracrine factor α-MSH via a ROS-dependent mechanism.
Introduction
Ultraviolet radiation (UVR) is detrimental to human skin through triggering various types of cellular damage, most notably DNA damage and oxidative damage, and thus has been accepted as human carcinogen accountable for increased risk of developing skin cancers including cutaneous melanoma [1, 2] . UVB irradiation can cause the loss of cellular integrity, direct damage to DNA and trigger various cellular responses including apoptosis [3] and inflammation [4] in skin cells including melanocytes (MC). However, biological and physiological responses of normal MC to UVR are complex and regulated by various factors secreted by their neighbouring cells including keratinocytes (KC) for maintenance of MC homeostasis [5] [6] [7] . Microenvironmental conditions created by KC play a role in regulation of MC responses including apoptosis and cellular damage induced by UVR through secretion of paracrine factors such as endothelin-1 (ET-1) and hypothalamic and pituitary peptides such as proopiomelanocortin (POMC) derived adrenocorticotropic hormone, β-endorphin and α-melanocytestimulating hormone (α-MSH) or corticotropin releasing hormone (CRH) [8] [9] [10] [11] [12] or other regulatory biomolecules [13] . α-MSH has been recognized as a crucial paracrine factor playing a protective role against UVB radiation-induced apoptosis and DNA damage in human MC [8, 14] . It is also suggested that cytoprotective effects of α-MSH against UVR-mediated photodamaged skin were attributed to their abilities to suppress apoptosis, oxidative stress and the inflammatory response [15] . However, the mechanism involved in regulation of KC's paracrine effects affecting MC activity has not been investigated.
Nuclear factor E2-related factor 2 (Nrf2) is a master transcription factor regulating several phase II detoxification and antioxidant genes involved in cellular defenses against oxidative stress and environmental insults. Nrf2 has been suggested to play a regulatory role in UVRmediated oxidative stress associated with disturbance in physiology of the skin cells including MC [16, 17] . Additionally, Nrf2 has been demonstrated to be involved in regulation of paracrine factors such as epidermal growth factor family member epigen in KC causing sebaceous gland enlargement in mice [18] . Since modulation of Nrf2 can affect KC's function involving their paracrine effects in response to UVR, we thus address whether Nrf2 in KC had an impact on the microenvironment created by KC in regulation of MC responses to UVB exposure. Moreover, UVB irradiation could mediate apoptosis via oxidative stressdependent activation of upstream mitogen activated protein kinases (MAPKs) in MC and KC [19, 24] . We thus determined whether modulation of Nrf2 can affect paracrine activity of KC on UVB-mediated CPD formation and apoptosis in primary human MC. Phosphorylation of MAPKs (ERK, JNK and p38) and oxidative stress were also concurrently monitored. We investigated these questions by co-culturing primary human KC with primary human MC using a transwell co-culture system. Alternatively, MC were incubated with conditioned medium (CM) which were prepared from siRNA against Nrf2 (siNrf2)-transfected KC. Silencing of Nrf2 in KC was employed to confirm the role of Nrf2 in modulating paracrine activity of KC on UVB-mediated MC damage. In MC, we monitored how paracrine action of KC affected apoptosis and inflammatory response following UVB exposure. Finally, we explored the underlying mechanism by which Nrf2 regulated secretion of α-MSH and paracrine effects of KC on MC's inflammatory responses including the activity of NF-κB signaling cascade and the release of TNF-α.
Materials and methods

Cell culture
Primary human epidermal melanocytes (MC) and primary human epidermal keratinocytes (KC) were obtained from Invitrogen (NY, USA). MC were cultured in Medium 254 (#M-254-500) supplemented with human melanocyte growth supplement (HMGS) according to the manufacturer's instructions. KC were cultured in Medium 154 (#M-154CF-500) supplemented with human keratinocyte growth supplement (HKGS). All cells were maintained at 37°C in a humidified air of 5% CO 2 (PCO2=40 Torr) (a Forma Scientific CO 2 Water Jacketed Incubator).
Double transfection with small interfering RNA (siRNA) against Nrf2 in KC
A combination of four gene-specific small interfering RNA (siRNA) against human Nrf2 (NM_006164) was used (FlexiTube GeneSolution GS4780 for NFE2L2, Qiagen; Cat.#:1027416). KC were initially transfected with 5 nM siRNA against Nrf2 (siNrf2) or equal molar nonsilencing siRNA controls (siCtrl, Qiagen; Cat.#:1022076) using HiPerFect transfection reagent (Qiagen; Cat.#: 301705) according to the manufacturer's instructions as previously described [16] . At 48 h after the first transfection, cells were re-transfected for the second time with siNrf2 or siCtrl at the same concentration using the same protocol described above. At 96 h following the first transfection, the transfected KC were used for further experiments.
MC-KC co-culture in transwell systems
MC were co-cultured with KC or the transfected KC at a ratio of 1:5 MC to KC in 6-well transwell plates for 24 h. MC were seeded at a density of 6×10 4 cells on the insert layer of Corning transwell plates with 0.4-µm pore polycarbonate membranes whereas KC were grown in the bottom well.
UVB irradiation and treatment of cells
After a 24 h period of co-culture, both MC and KC were irradiated separately with UVB under a thin layer of Dulbecco's phosphate buffered saline (DPBS). The culture plates were exposed for 22 s, 45 s or 1 min 30 s to achieve a single dose of 62.5, 125 or 250 mJ/cm 2 , respectively. The UV intensity determined at a distance of 21 cm from the UVB lamp was 1 W/cm 2 using a UV-meter (Dr Honle, Martinsried, Germany) equipped with UVB sensor (290-320 nm). Immediately after UVB exposure, DPBS was replaced with Medium 254 without HMGS for MC and Medium 154 without HKGS for KC to continue the co-culture in the same transwell. Then, MC were harvested at different time points as indicated in results.
To determine whether Nrf2 knockdown in KC affected gene expression and secretion of important paracrine factors, we determined mRNA levels of corticotropin-releasing hormone (CRH), corticotropin-releasing hormone receptor 1 (CRHR1), endothelin-1 (ET-1) and proopiomelanocortin (POMC) at 30 min and 3 h following UVB exposure using real time RT-PCR and levels of α-MSH in CM from KC at 15 and 30 min, 3, 6 and 12 h post-irradiation using a commercial ELISA kit. To assess whether Nrf2-modulated the paracrine factors and effect of KC involved a ROS-dependent mechanism, siCtrl-and siNrf2-transfected KC were incubated with 5 mM N-acetylcysteine (NAC), a well-known ROS scavenger, in Medium 154 without HKGS for 24 h and the medium was replaced with DPBS prior to UVB exposure. Then, ROS generation and α-MSH levels in CM from siCtrl-and siNrf2-transfected KC with or without NAC pretreatment were determined at 30 min following UVB exposure. For detection of apoptosis, active caspase-3 and phosphorylation of p53 induced by UVB (250 mJ/cm 2 ) were determined following irradiation at 12 h and 15 min, respectively, in MC incubated with CM from Nrf2-depleted KC with or without NAC pretreatment. Whether the paracrine effect of KC involved protection against UVB (125 mJ/ cm 2 )-mediated inflammatory response in MC was also assessed by detection of NF-κB activation indicated by nuclear:cytosolic ratio of NF-κB p65 and p50 subunits at 6 h post-irradiation and TNF-α levels at 24 h post-irradiation.
Preparation of KC-derived conditioned medium (KC-CM)
KC or the transfected KC were seeded at a density of 3×10 5 cells/ well in 6-well plates. Conditioned-KC supernatants were prepared by irradiation of KC or the transfected KC in DPBS with UVB (62.5-250 mJ/cm 2 ) and this DPBS were collected at 30 min postirradiation and used as KC-CM for treatment of MC. MC was preincubated with KC-CM for 30 min, subjected to UVB irradiation and harvested at 1 h for determination of CPD and ROS formation and 12 h for caspase-3 activation.
Determination of cyclobutane pyrimidine dimer (CPD) photoproducts by ELISA
MC were irradiated with UVB (125 mJ/cm 2 ) and harvested at 1 h post-irradiation. Genomic DNA was then extracted using a spin-column based genomic DNA isolation kit (GET™ DNA Template) (G-Bioscience, St Louis, MO, USA) according to the protocol's instruction. The CPD in genomic DNA was measured by Oxiselect oxidative DNA damage ELISA kit (Cell Biolabs, San Diego, CA). The CPD was detected with an anti-CPD antibody, followed by incubation with horseradish peroxidase (HRP)-conjugated secondary antibody. The statistical significance of differences was evaluated by one-way ANOVA followed by Dunnett's test. *P < 0.05; **P < 0.01; ***P < 0.001 versus unirradiated MC monoculture. (C) Dosedependent effects of UVB on active caspase-3 in MC pretreated with CM from KC irradiated with UVB for 30 min. The statistical significance of differences between unirradiated MC and UVB-irradiated MC monoculture was evaluated by one-way ANOVA followed by Dunnett's test (**P < 0.01; ***P < 0.001 versus unirradiated control MC) and between the UVBirradiated MC monoculture and UVB-irradiated MC+KC-CM was evaluated by Student's t-test (#P < 0.05; ##P < 0.01 versus UVB-irradiated MC monoculture). The effects of UVB (250 mJ/cm 2 ) on annexin V positivity (D) and active caspase-3 (E) in MC monoculture, MC co-cultured in transwell with siNrf2 or siCtrl-transfected KC and MC pretreated with the CM from siNrf2 or siCtrl-transfected KC following UVB irradiation. MC were harvested at 12 h after UVB irradiation for determination of annexin V/PI and active caspase-3 staining. Data were expressed as mean ± SD. The statistical significance of differences was evaluated by one-way ANOVA followed by Dunnett's test. **P < 0.01, ***P < 0.001 versus UVB-irradiated MC monoculture. #P < 0.05; ###P < 0.001 versus UVB-irradiated MC+KC (siNrf2) or UVB-irradiated MC+KC (siNrf2)-CM.
Annexin V/PI (propidium iodide) staining
Determination of phosphatidylserine on the outer leaflet of apoptotic cells was employed using annexin-V binding and PI according to the manufacturer's instructions (BD Biosciences, USA). Briefly, MC were stained with annexin V-APC and 3 µg/ml PI and analyzed by flow cytometry using a fluorescence activated cell sorter (FACS-calibur). Apoptosis was determined by the relative amount of APC+ PI-cell populations.
Measurement of active caspase-3
Active caspase-3 was measured using PE Active Caspase-3 Apoptosis Kit (BD Biosciences, USA) according to the manufacturer's instructions. Briefly, MC were fixed and permeabilized using the Cytofix/ CytopermTM for 30 min, pelleted and washed with Perm/WashTM Buffer. Cells were subsequently stained with the rabbit anti-active caspase-3 antibody (clone C92-605) (BD Biosciences, USA) in the dark. Cells were then washed and resuspended in Perm/WashTM Buffer and analyzed by flow cytometry.
Determination of intracellular oxidant formation by flow cytometry
The assay is based on conversion of non-fluorescent dichlorofluorescein (H2DCFDA) to the fluorescent 2,7-DCF upon oxidation by intracellular ROS. After treatment, MC were washed and incubated with Medium 254 without HMGS for 30 min. Then, cells were incubated in DPBS with 5 µM H 2 DCFDA at 37°C for 30 min and analyzed by flow cytometery using a fluorescence activated cell sorter (FACS-calibur).
Measurement of cellular antioxidant defenses
GSH assays were carried out using the glutathione reductase (GSSG): (5,5′-dithio-bis-2-(nitrobenzoic acid)) (DTNB) enzymatic recycling method following the kit protocol from Sigma-Aldrich (MO, US) as previously described [20] and GSH levels expressed as nmol/mg protein. Catalase (CAT) is involved in the neutralization of hydrogen peroxide (H 2 O 2 ). Its activity was measured following the kit protocol from Cayman chemical (Ann Arbor, MI) as previously described [20] and CAT activity expressed as unit/mg protein. Superoxide dismutase (SOD) activity assay was performed following the kit protocol from Cayman chemical (Ann Arbor, MI) and the method of Johns et al. [21, 22] with some modifications as previously described [20] . Total SOD activity was expressed in unit/mg protein.
Western blot analysis
Western blot analysis was performed to examine Nrf2 knockdown efficiency using double transfection of KC with Nrf2-siRNA and detect phosphorylated MAPKs (ERK, JNK, and p38) in MC. Total protein extracts were prepared as previously described [16] . The membranes were blocked in 5% (w/v) skim milk in Tris-buffered saline containing 0.1% (v/v) Tween 20 for 1.5 h and incubated at 4°C overnight with the primary antibody against Nrf2 (sc-722; Santa Cruz Biotechnology, Santa Cruz, CA) (1:2000), phosphorylated Erk1/2 (p44/42 MAPK (Thr202/Tyr204) (4370S; Cell Signaling) (1:2000), phosphorylated JNK (Thr183/Tyr185) (G9) (9255S; Cell Signaling) (1:1000), phosphorylated p38 (Thr180/Tyr182) (D3F9) (4511S; Cell Signaling) (1:1000), p65 (Sc-109; Santa Cruz Biotecnology) (1:1000) and p50 (Sc-114; Santa Cruz Biotecnology) (1:1000) subunits of NF-κB, phospho-p53 (Ser15) (9284; Cell Signaling) (1:1000) and p53 (2524; Cell Signaling) (1:1000), in 5% skim milk. The membranes were washed with a PBS solution and incubated for 1.5 h at room temperature with the HRP-conjugated secondary antibodies (ab6789 for anti-mouse and ab6721 for anti-rabbit HRP labelled secondary antibody; Abcam, Cam-bridge, MA, USA) (1:2000) in 5% skim milk. Immunoreactivity is detected using the Bio-Rad Clarity western ECL (Bio-Rad). Protein bands were visualized using an ImageQuant LAS 4000 digital imaging system (GE Healthcare, UK) and analyzed as previously described [16] . The protein expressions were normalized to expression of loading controls; α-Tubulin (ab7291; Abcam, Cambridge, MA, USA) (1:5000) for Nrf2 protein in whole cell lysates, total ERK protein (p44/42 MAPK) (Erk1/2) (4695 S; Cell Signaling) for phosphorylated ERK, total JNK protein (9252S; Cell Signaling) for phosphorylated JNK, total p38 protein (9212S; Cell Signaling) (1:2000) for phosphorylated p38, βactin (A3854; Sigma) (1:10000) for cytosolic p65 and p50 subunits of NF-κB and phospho-p53 (Ser15) and lamin A (sc-20680, Santa Cruz Biotecnology) (1:1000) for nuclear p50 and p65 subunits of NF-κB.
Quantitative real-time reverse transcriptase-polymerase chain reaction (RT-PCR) for determination of mRNA expression
mRNA levels of Nrf2 and its target genes, CRH, CRHR1, ET-1 and POMC were determined by RT-PCR. Total RNA was isolated using the illustra RNAspin Mini RNA Isolation Kit (GE Healthcare, UK) and reverse transcription was carried out using the Improm-II reverse transcriptase (Promega, Medison, USA) under the conditions described in the kit manual. Primers for PCR were designed using the Primer Express software version 3.0 (Applied Biosystems, USA). Sequences of PCR primer (in 5′→3′ direction) were as follows: CRH (product sizes =144 bp) sense, CTCCGGGAAGTCTTGGAAAT, and antisense, GTTGCTGTGAGCTTGCTGTG; CRHR1 (product sizes =100 bp) sense, TGGATGTTCATCTGCATTGG, and antisense, TGCCAAACCA GCACTTCTC;
ET-1 (product sizes =274 bp) sense, TCTACTTCTGCCACCTGGAC, andantisense, CACTTCTTTCCCAACTTGG AAC; POMC, exon 3 (product sizes =152 bp) sense, AGCCTCAGCCTGCCTGGAA, and antisense, CAGCAGGTTGCTTTCC GTGGTG [23] . Primer sets of Nrf2 target genes were previously described [16] . The mRNA level was calculated by normalizing with the expression level of GAPDH mRNA. The mean Ct from mRNA expression in cDNA from each sample was compared with the mean Ct from GAPDH determinations from the same cDNA samples.
Determination of α-MSH and TNF-α levels by ELISA
α-MSH and TNF-α levels in culture supernatants were determined using competitive enzyme immunoassay kits from EK-043-01, Phenix Pharmaceuticals Inc., Hayward, CA, USA, and EH3TNFA, Thermo Scientific, Rockford, IL, USA, respectively, according to the manufacturer's instructions. Sample or α-MSH standards were added to the immunoplate pre-coated with secondary antibody. An anti-α-MSH antibody was added, followed by biotinylated peptide. Biotinylated peptide then interacted with streptavidin-horseradish peroxidase (HRP), which catalyzed the substrate solution. For measurement of TNF-α levels, sample or the standard were added to an anti-human TNF-α precoated plate. Streptavidin HRP was used to detect bound antibodies and tetramethylbenzidine was used as a substrate for the color development, which was stopped with 0.16 M sulfuric acid. α-MSH and TNF-α levels were determined by comparison with the standard curve.
Statistical analysis
Data are expressed as mean ± standard deviation of the mean (SD) of at least three separate experiments (n≥3) performed on different days using freshly prepared reagents. Statistical significance of differences between different groups was evaluated by independent t-test (Student's; 2 populations) or one-way analysis of variance (ANOVA) followed by Tukey or Dunnett tests, where appropriate, using Prism (GraphPad Software Inc., San Diego, CA).
Results
SiRNA knockdown of Nrf2 in KC is associated with induction of UVBmediated CPD formation in MC co-cultured with KC
We employed a transwell co-culture system to avoid effects of cellcell contact to determine whether non-contact co-culture of primary human MC with primary human KC modulated UVB-mediated CPD formation in MC. In addition, to confirm that microenvironment created by KC affected formation of CPD in MC, CM derived from UVB-irradiated KC was used to treat MC. Here, we first observed that UVB (125 mJ/cm 2 ) irradiation caused a substantial production of CPD photoproducts in MC monoculture from 30 to 120 min (Fig. 1A) . However, an approximately 2-fold decrease in CPD formation was found in both MC co-cultured in transwell with KC and in MC pretreated with CM from irradiated KC compared to MC monoculture subjected to UVB challenge (Fig. 1B) .
We also explored whether depletion of Nrf2 in KC using siNrf2 would affect UVB-mediated DNA damage in MC. The efficiency of Nrf2 silencing in KC was verified by real-time RT-PCR and western blot analysis at 96 h after the initial transfection with either siNrf2 or siCtrl. Nrf2 knockdown efficiency of ∼70% was achieved at mRNA and protein levels ( Supplementary Fig. 1A) . A substantial reduction of Nrf2 target genes including GCL, GST and NQO1 by ∼ 60% ( Supplementary Fig. 1B) was observed in siNrf2-transfected KC compared with untransfected and siCtrl-transfected KC. Furthermore, enhanced yield of UVB-induced CPD DNA lesions was demonstrated in MC co-cultured with Nrf2-depleted KC and in MC treated with CM derived from Nrf2-depleted KC compared to MC co-cultured with siCtrltransfected KC or MC treated with CM from siCtrl-transfected KC, suggesting that Nrf2 might play a role in the protective effects of KC probably acting in a paracrine fashion against UVB-induced CPD formation in MC. Moreover, our results revealed that, upon UVB irradiation, increased levels of CPD in MC co-cultured with siNrf2transfected KC or in MC treated with CM derived from siNrf2transfected KC were comparable to those in UVB-irradiated MC monoculture.
SiRNA knockdown of Nrf2 in KC is associated with induction of UVBmediated apoptosis in MC co-cultured with KC
To evaluate whether Nrf2 in KC influenced the microenvironment created by KC on UVB-induced apoptosis, we first demonstrated that, at 12 h post-irradiation, UVB irradiation resulted in a significant induction of annexin V positivity ( Fig. 2A ) and active caspase-3 (Fig. 2B) , the well-known hallmarks of apoptosis, in MC monoculture, although UVBmediated apoptosis was rescued when co-cultured in transwell with KC. As shown in Fig. 2C , UVB-mediated active caspase-3 was remarkably reduced in MC treated with CM from UVB-irradiated KC compared with untreated MC monoculture. Moreover, partial knockdown of Nrf2 significantly suppressed rescue effect of the microenvironment created by KC on UVB-induced apoptotic cell death because annexin-V staining ( Fig. 2D ) and caspase-3 activation ( Fig. 2E) were markedly enhanced in MC co-cultured in transwell with siNrf2-transfected KC compared to MC co-cultured with siCtrl-transfected KC following UVB irradiation. In addition, MC treated with CM from Nrf2-depleted KC revealed greater active caspase-3 levels than those in the cells treated with CM from siCtrl-transfected KC and the levels of active caspase-3 were comparable to those in UVB-irradiated MC monoculture ( Fig. 2E ).
Suppression of UVB-induced ROS formation and depletion of antioxidant defenses in MC co-cultured with KC: modulation by SiRNA knockdown of Nrf2 in KC
We determined intracellular ROS formation and antioxidant defense systems including glutathione (GSH) levels and activities of catalase and superoxide dismutase (SOD) to delineate the role of KC acting in a paracrine fashion against UVB-mediated apoptosis in association with modulation of redox status in MC. Decreased ROS formation (Fig. 3A) and increased antioxidant defenses (GSH levels and activities of catalase and SOD) ( Fig. 3B) were observed in MC co-cultured in transwell with irradiated KC compared to MC monoculture in response to UVB irradiation. We also confirmed that KC was responsible for the protective actions against UVB-mediated cellular oxidative stress in MC via paracrine effects upon stimulation with UVB because treatment of MC with CM from KC irradiated with UVB (125 and 250 mJ/cm 2 ) significantly abrogated UVB-induced ROS formation when compared to irradiated MC without CM treatment (Fig. 3A) . We also demonstrated that Nrf2 in KC may affect their microenvironment via regulation of oxidative stress in MC because elevated ROS formation was found in irradiated MC pretreated with CM from siNrf2-transfected KC but not in the MC pretreated with CM from siCtrl-transfected KC (Fig. 3C) , indicating that depletion of Nrf2 in KC reversed its protective effects on oxidative stress in MC.
SiRNA knockdown of Nrf2 in KC is associated with induction of UVBmediated MAPK signaling in MC co-cultured with KC
We have hypothesized that the microenvironment created by KC regulated UVB-induced MC apoptosis through an involvement of the MAPK pathway. UVB irradiation was observed to cause a pronounced transient induction of p-ERK, p-JNK and p-p38 in MC at as early as 5 min following UVB irradiation (Fig. 4A) . Moreover, the role of MAPKs in regulation of UVB-induced apoptosis in MC was examined by determination of active caspase-3 in MC treated with specific inhibitors of ERK, JNK and p38 MAPK pathways following UVB irradiation (250 mJ/cm 2 ). Our findings revealed that treatment with 1 µM U0126 (a selective inhibitor of ERK), SP600125 (a selective inhibitor of JNK) and SB203580 (a selective inhibitor of p38) markedly reduced caspase-3 activation in irradiated MC compared to irradiated cells without the MAPK inhibitors (Fig. 4B ). We then assessed whether Nrf2 in KC affected responses of MC to UVB irradiation in association with MAPK signaling. Our results demonstrated a significant reduction of p-ERK, p-JNK and p-p38 levels in MC co-cultured with irradiated KC compared to MC monoculture in response to UVB challenge, although co-culture with siNrf2-transfected KC led to elevated levels of p-ERK, p-JNK and p-p38 in MC in response to UVB exposure, suggesting that the rescue effects of KC on UVB-induced MAPK phosphorylation in MC was reversed by Nrf2 depletion (Fig. 4C ).
Modulation by Nrf2 knockdown of the paracrine factor α-MSH produced by KC is ROS-dependent
We next investigated the mechanisms by which Nrf2 modulated paracrine factors produced by KC and observed that UVB irradiation did not affect mRNA levels of the paracrine factors (CRH, CRHR1, ET-1 and POMC) at 30 min and 3 h post-irradiation in both siCtrl-and siNrf2transfected KC (Fig. 5A ). However, UVB irradiation enhance α-MSH levels in CM from siCtrl-transfected KC (Fig. 5B) as early as 15 min after irradiation and increasing up to 12 h but reduce α-MSH levels in the CM from Nrf2-depleted KC. Moreover, when we reduced the level of ROS in CM by pretreating KC with NAC, a well-known ROS scavenger, α-MSH levels were found to be elevated in CM from siNrf2-depleted KC (Fig. 5C ).
Modulation by Nrf2 knockdown of KC's paracrine effect on apoptosis and inflammatory response in MC is ROS-dependent
To address whether a ROS-dependent mechanism was involved in Nrf2-modulated paracrine effect of KC on UVB-mediated MC damage, we first confirmed an enhanced formation of ROS in siNrf2-transfected KC compared to siCtrl-transfected KC in response to UVB irradiation and increased ROS levels could be rescued by NAC treatment ( Supplementary Fig. 2 ). Our study determined active caspase-3 and phosphorylation of p53 because caspase-3 is known as the critical driver of apoptotic cell death and both caspase-3 and p53 could mediate apoptosis in association with UVB-induced DNA damage in skin cells (including KC and MC) [25, 26] . Our findings revealed that modulation by Nrf2 of KC's protective effect on UVB-induced apoptosis in MC is ROS-dependent because NAC could reverse the effect of CM from Nrf2depleted KC on UVB (250 mJ/cm 2 )-induced caspase-3 activation ( Fig. 6A ) and phosphorylation of p53 (Fig. 6B ). To address whether inflammatory response was associated with UVB-induced MC damage, we determined activation of NF-κB, a major transcription factor regulating proinflammatory signaling, and levels of TNF-α, a crucial proinflammatory cytokine involved in UVB-induced MC damage. Irradiation of MC with UVB (125 mJ/cm 2 ) irradiation was observed to cause a substantial induction of nuclear/cytosolic ratio of NF-κB p65 (Fig. 7A) and p50 (Fig. 7B ) subunits indicating NF-κB activation and levels of TNF-α (Fig. 7C ) produced by MC incubated with CM from siNrf2-transfected KC compared to MC incubated with CM from siCtrltransfected KC. However, pretreatment of Nrf2-depleted KC with NAC was shown to rescue KC's protective effects on UVB-induced NF-κB activity and TNF-α release in MC ( Fig. 7A-C) , indicating that Nrf2 modulated paracrine effect of KC on UVB-mediated inflammatory response in MC via a ROS-dependent mechanism.
Discussion
Under both physiological and pathological conditions including epidermal photodamage, the homeostasis of human MC is regulated and maintained by a complex paracrine networks of KC and MC derived factors acting in reciprocal fashion. In addition, oxidative stress can disrupt the homeostasis of epidermal MC through damage to the DNA, proteins and interference with cell signaling, leading to cell death, apoptosis or malignant transformation [27, 28] . Nrf2 has been suggested to play a protective role in UVR-mediated oxidative stress accountable for impaired physiology and function of the skin cells including MC [16, 17, 29] . Our study revealed that UVB-induced CPD formation and apoptosis in MC was suppressed by co-culture with KC. The co-culture with KC also reversed UVB-mediated formation of ROS and impairment of antioxidant defense capacity in MC. In addition, pretreatment with CM from irradiated KC prior to UVB exposure attenuated caspase-3 activation and ROS formation in MC, suggesting that suppression of UVB-dependent cell responses of MC probably involved paracrine factors produced by KC upon UVB stimulation. These results indicate a rescue effect of KC on UVB-induced CPDs and apoptosis in association with disturbance of redox status in MC. They are in agreement with previous studies indicating protective effects of KC against UVB-induced pathologies including DNA damage, apoptosis and melanogenesis in MC [30] [31] [32] [33] [34] . Proposed mechanisms responsible for the role of neighbouring KC in mediating UVB-stimulated physiological responses of MC in association with inhibition of oxidative stress would likely involve the paracrine effects of factors produced by epidermal KC [7, 9, 10, 13, 35, 36] . We therefore addressed the role of Nrf2 in modulation of KC's paracrine effects on UVB-mediated MC damage. Our findings reveal that a partial knockdown of Nrf2 in KC reversed the protective effects of microenvironment created by KC on UVB-induced CPD formation and apoptosis in MC. Furthermore, the paracrine rescue effects of KC against UVB-stimulated CPD level, active caspase-3 and ROS formation in MC were confirmed using CM from UVB-irradiated KC, revealing that cellular oxidative stress accompany-ing DNA damage and apoptotic responses of MC may be induced by altered microenvironment created by Nrf2-depleted KC. UVB irradiation has been suggested to initiate phosphorylation of MAPKs in association with induction of DNA damage and apoptosis in MC [24, 37] . In this study, we found that ERK, JNK and p38 MAPK pathways play a role in UVB-mediated MC apoptosis. Furthermore, non-contact co-culture of MC with KC following UVB irradiation showed reduced phosphorylation of ERK, JNK and p38 MAPKs, although depletion of Nrf2 in KC reversed their inhibitory effects on Western blotting was performed to determine nuclear tranlocation of p65 and p50 NF-κB subunits at 6 h following UVB irradiation. The p65 and p50 NF-κB subunits were detected at 65 and 50 kDa, respectively, lamin A, the loading control for nuclear protein, at 69 kDa and β-actin, the loading control for cytosol protein, at 42 kDa. TNF-α levels were quantified at 24 h post-irradiation using an ELISA kit. Data were expressed as mean ± SD. The statistical significance of differences was evaluated by Student's t-test. *P < 0.05; **P < 0.01; ***P < 0.001 versus irradiated MC+KC (siCtrl)-CM. #P < 0.05 ##P < 0.01 versus UVB-irradiated MC+KC (siNrf2)-CM without NAC pretreatment.
UVB-induced phosphorylation of MAPKs in MC co-cultured with siNrf2transfected KC pre-irradiated with UVB. Therefore, we proposed that microenvironment created by KC regulated UVB-induced MC apoptosis through an involvement of the MAPK pathway. Activation of MAPKs in response to different stress stimuli mediates apoptosis via several mechanisms including activation of caspases, release of proapoptotic factors (such as cytochrome c) from mitochondria, induction of p53 and transcriptional activation of apoptotic genes [38] [39] [40] . In our study, inhibition of MAPKs may suppress apoptosis at least partially through downregulation of caspase-3 activation.
Genetic silencing of Nrf2 in KC without UVB exposure did not affect the responses of MC co-cultured with siNrf2-transfected KC. It should also be noted that levels of active caspase-3 and ROS induced by UVB were similar in MC monoculture and in MC treated with CM from unirradiated KC ( Supplementary Fig. 3 ), implying that UVB irradiation was required to induce KC-derived rescue mechanism against MC damage. Our observations further suggest that Nrf2 modulated paracrine factors produced by KC and their protective effects on UVBmediated MC damage via a ROS-dependent mechanisms. In our study using CM collected from KC at 30 min after UVB exposure to treat MC, modulation of the paracrine factors and effects by Nrf2 seems to occur independent of transcriptional control of paracrine factors including CRH, CRHR1, ET-1 and POMC. Our findings suggested that Nrf2 might modulate paracrine factors produced by KC via a ROS-dependent mechanism because NAC pretreatment can restore α-MSH levels in Nrf2-depleted KC in response to UVB exposure. Crucial biological responses of MC to UVB irradiation-mediated oxidative stress include apoptosis and inflammation. ROS have been shown to activate proinflammatory and MAPK signaling cascades, subsequently leading to various biological responses including cell death or dysfunction [43] [44] [45] . López et al., reported that paracrine protective effects of CM from UVB-irradiated KC on MC involved regulation of various signaling pathways including proinflammatory and p53-dependent apoptotic pathways [42] . Our study demonstrated that the microenvironment created by KC reversed damaging effects of UVB on MC by reducing activation of caspase-3 and p53 that play a crucial role in UVRmediated apoptosis associated with DNA damage [25, 26] , and by downregulating inflammatory markers including NF-κB activation and TNF-α levels implicated in photodamaged skin [46, 47] . Nevertheless, depletion of Nrf2 in KC resulted in suppression of its protective effects on UVB-mediated DNA damage, apoptosis and inflammatory response in MC. Furthermore, the mechanism by which Nrf2 supported paracrine protection by KC against UVB damage might be ROS-dependent as pretreatment of Nrf2-depleted KC with NAC could recover the impaired paracrine effects of KC on UVB-induced apoptosis and inflammatory response in MC. Recently, oxidative stress was suggested to compromise paracrine protective effect of KC through upregulation of microRNA-25 [41] . Upon stress insults, ROS induced by Nrf2 depletion could modulate paracrine effects and several signaling cascades, which subsequently affect UVB response of MC. It should be also taken into account that while Nrf2 plays a crucial role in maintaining cellular homeostasis and cytoprotection against stress stimuli, a harmful aspect of Nrf2 defined as the "dark side of Nrf2" in the skin and cancer biology, has been widely discussed. Previous in vivo studies demonstrated that prolonged activation of Nrf2 in KC resulted in sebaceous gland enlargement and seborrhea [48] . Moreover, resistance to apoptosis induced by UVB associated with failure in removing unstable or damaged cells is recognized as a common feature of melanoma [49, 50] . Thus, the role of Nrf2 in modulating production and secretion of KC's paracrine factors and whether its role in supporting the protective effects of KC against UVB-induced apoptosis can be implicated in carcinogenesis of melanoma needs further investigations.
In summary, KC provided a rescue effect on UVB-induced CPDs, apoptosis and inflammatory responses in MC, although depletion of Nrf2 in KC reversed its protective effects on MC in a paracrine fashion. This was associated with an elevation of ROS levels and an activation of MAPK pathways in MC. Nrf2 may indirectly modulate the paracrine effects of KC by regulating levels of their paracrine factors via a ROSdependent mechanism.
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